Background. Little anatomic information is available on the annular myocardium. This study was conducted to determine the anatomic substrate for atrial flutter due to circus movement around the tricuspid annulus in the Y-shaped incision canine model of atrial flutter.
Background. Little anatomic information is available on the annular myocardium. This study was conducted to determine the anatomic substrate for atrial flutter due to circus movement around the tricuspid annulus in the Y-shaped incision canine model of atrial flutter.
Methods and Results. We studied photographs of the annular myocardium serial histological sections, made in either of three different planes, and compared these with photographs of the intact and blocked gross heart specimens. We found that the annulus is the most caudal region of the atrial wall. The epicardial aspect of the annulus abuts the ventricular septum or the aortic root in the medial region; in other regions, it is covered by the fat of the coronary sulcus. Its endocardial aspect is delimited by the tricuspid leaflets inferiorly and by the pectinate muscle bundles superiorly, except in the medial region where the pectinate muscle bundles are absent. The annular myocardium is bilaminated. A continuous subepicardial circumferential lamina is the most prominent and is robust in the anterior, lateral, and posterior regions, but it attenuates to a fine muscular connection in the medial region. Myofibers of its superior border merge with the pectinate muscle bundles or are admixed in the medial region with myocardium at the base of the medial atrial wall. Its inferior border makes little contact with the annulus fibrosus about the ring; however, in the medial region, these myofibers insert into fibrous tissue superior to the septal leaflet. A discontinuous, subendocardial perpendicular lamina contains myofibers that descend from the atrium; most of these myofibers insert into the annulus fibrosus about the ring, but the lamina is absent in the anteromedial region.
Conclusions. We conclude that the continuous circumferential lamina provides the anatomic substrate for circus movement of excitation in this model. (Circulation 1991; 84:841-851) A canine model of atrial flutter with a Y-shaped incision comprising an intercaval and a contiguous limb extending toward the right atrial appendage was recently developed by one of us.' This Y-shaped incision permitted initiation of a rapid, sustained atrial rhythm showing all the characteristics of reentry due to circus movement. Maps of excitation sequence during the arrhythmia suggested that the circus path was localized to the annulus of the tricuspid valve, and an incision dividing this structure terminated the arrhythmia and prevented its subsequent initiation.
At present, there is little anatomic information on the architecture of the myocardium within the atrioventricular annuli. Although a sphincterlike contrac-tion of the annuli has been described2-4 and the valve leaflets have been studied extensively (i.e., the type of musculature and architecture5-8; fibrous content, type, and architecture6; innervation9'10; and vasculature6), anatomic studies of the annuli have focused only the fibrous content.6,11 Thus, the annular myocardium has not been the focus of an anatomic study. Keith and Flack12 briefly described myocardium of the tricuspid annulus as comprising two components: 1) an incomplete band of circular myofibers superior to the atrioventricular valve leaflets and 2) perpendicular myofibers that branch from the circular myofibers to descend over the fibrous annulus and into the leaflets. The incompleteness of the circular band was ascribed to the atrioventricular node and distal atrioventricular bundle that were described as encased within fibrous tissue. Papez13 considered the circular annular myofibers (the anterior crest) to be continuous with those of the crista terminalis (the posterior crest), thus forming a complete circular structure, but likewise noted that myocardium within the valve leaflets was an extension from the circular fibers. McAlpine14 described only the incomplete Photographs were made of the endocardial and epicardial surfaces before and after the specimens were trimmed and blocked for processing ( Figure 1 tissue and 0.5 cm of ventricular tissue. The specimens yielded four to eight blocks, depending on their orientation for sectioning, which for technical considerations limited the size of the tissue blocks. The tissue blocks were dehydrated in alcohol, cleared, infiltrated with paraffin, and embedded for sectioning in one of three different planes ( Figure 2 ): the transverse (classic) plane (two specimens), the perpendicular plane (two specimens), or the parallel plane (three specimens). The use of perpendicular and parallel planes17 permitted examination of the myocardium in two longitudinal planes with respect to the plane of the annulus. The blocks were serially sectioned at a thickness of 10-15 ,um (Table 2) ; all sections were mounted on glass microscope slides, and selected sections were stained with Goldner's trichrome or hematoxylin-phloxine-safran. Histological sections were photographed and studied in comparison with corresponding photographs of the epicardial and endocardial aspects of the gross specimens in various stages of preparation. Initially, sections at 0.25-mm intervals were studied. To determine the architecture of the annular myocardium and also to correlate specific features among the seven Photographs of a centimeter ruler taken at the same magnification were used for measurements within photographs of gross specimens and tissue sections.
Results
The annulus of the tricuspid valve comprises myocardial as well as fibrous tissues45,12-16 and measures on the average 4.5 mm in height in the various hearts (Table 1) . Grossly, the endocardial aspect of this caudal part of the right atrial wall appears as a distinct muscular band. This band is delimited inferiorly by the leaflet attachments and superiorly by the pectinate muscle bundles in the anterior, lateral, and posterior regions of the ring ( Figure 1A , C, and E). In the medial or septal region, the discrete bandlike appearance is absent, but the annular myocardium continues on a plane in tandem with the orifice of the coronary sinus. Here, most of the annular myocardium is interrupted by a triangle of fibrous tissue, which is superior to the septal leaflet.
The epicardial aspect of the anterior, lateral, and posterior regions of the annulus is hidden by the fat of the coronary sulcus ( Figure 1B , D, and F) as previously noted.12 In the medial region, it is hidden by the ventricular septum or abuts the root of the aorta at the level of the noncoronary and right coronary leaflets of the aortic valve ( Figure 1B , D, and F).
In histological sections, the annular myocardium is approximately 1.5 mm in thickness in the anterior, lateral, and posterior regions, and it varies to less than 0.5 mm in thickness in the medial region. The thickness of the annular myocardium in the smallest heart (Table 1) is proportionally less in all the regions.
The relation of the annular myocardium to the ventricular tissue about the ring is best appreciated in transverse sections. Such sections showed that the annular myocardium is directly superior to the crest of the right ventricle in the anterior and lateral regions of the ring ( Figure 3A, F, and G) . The lower portion of the annular myocardium overlies the crest of the ventricle in the posterior region of the annulus ( Figure 3B and C) . All of the annular myocardium overlies the crest of the ventricular septum in the posteromedial and medial regions of the ring ( Figure  3D , El, and E2). In the posteromedial and medial regions, therefore, a portion of the right ventricle and the ventricular septum is superior to the atrial annular muscle. Although the ventricular septum is present, the absence of a left endocardial surface precludes designation of the medial annular region as atrial septum. That is, the annular myocardium is not part of the atrial septum; instead, it is the base of the medial right atrial wall, as has been previously reported. [17] [18] [19] In the anteromedial region of the ring, most of the annular myocardium is replaced by fibrous tissue ( Figure 3E3 ). Transverse sections (Figure 4) and perpendicular sections ( Figure 5 ) of specimens in which the aortic sinuses were still intact clearly showed that this annular triangle of fibrous tissue is superior to the tricuspid septal leaflet and is continuous with connective tissue and the aortic root at the level of the noncoronary leaflet and sinus wall. Figures  2.8-2.11 ), the canine heart possesses a connective tissue septum that is superior to the aortic vestibule, incorporated into the respective sinus walls, and separates the right atrium and ventricle from the aorta. These relations between the atrial and ventricular or ventricular septal myocardium and the aortic valve leaflets are not apparent grossly and have not been noted previously in histological studies. Taken together, the above may help explain why the medial region of the annulus has not been described previously as the cauda of the right atrial wall by virtue of 1) its thinness, which led to its identification as "atrial endocardium overlying the ventricular septum,"18 and 2) its close apposition to the crest of the ventricular septum, which prevents the medial region of the annulus from being palpated as a free wall.
The annular myocardium has a bilaminated architecture comprising a subepicardial, continuous circumferential lamina and a subendocardial, discontinuous perpendicular lamina. The subepicardial circumferential lamina contains myofibers oriented parallel to the circumference of the ring. It is the larger lamina in the anterior, lateral, and posterior regions of the annulus and measures 3-4 mm in height in six of the seven hearts (Table 1 ) and 1 mm in thickness. Fascicles of this lamina appear in cross section in the transverse plane sections (Figure 6) and in the long axis in both the perpendicular and the parallel plane sections (Figures 7 and 8A, B, and D) . The circumferential lamina is a syncytium with thousands of tightly packed, small myofibers in the anterior, lateral, and posterior regions ( Figure 8A ), and the superior borders of the lamina are continuous with the pectinate muscle bundles in the anterior, lateral, and posterior regions of the annulus ( Figure  9 ). In the medial region, only a few fascicles remain of the circumferential lamina ( Figure 10) ; the pectinate muscle bundles are absent, and myofibers of the anterior limbus of the fossa ovalis and base of the atrial wall become admixed with those of its superior border. This ridge of tissue, the limbus, is clearly seen in Figure 1C and E (covered by the CS label in Figure  1A ). Myofibers within the inferior border of the circumferential lamina make little contact with the annulus fibrosus in most regions ( Figure 3) ; however, in the medial region, all of these inferior myofibers insert into the annular triangle of fibrous tissue ( Figure 10 ). Last, little or no connective tissue and no large nerves or blood vessels were found separating these myofibers or fascicles.
The subendocardial lamina contains myofibers oriented perpendicularly to the circumferential myofibers, and it measures less than 0.5 mm in thickness. Myofibers of this lamina appear in cross section in the perpendicular plane sections (Figure 7 ) and in the long axis in the transverse and the parallel sections ( Figures 6 and 8B and C) . Fascicles within this lamina are larger and more loosely packed than those of the circumferential lamina. The perpendicular lamina appears to broaden at the annulus fibro- sus, where most of its fibers appear to fan out and insert (Figures 3 and 6A) , but a few also continue into the valve leaflets (Figures 3 and 8B ). This lamina is more robust in association with the central regions of the valve leaflets, is sparse, or is absent in association with the commissural leaflets in the anterior, lateral, and posterior regions and is absent in the anteromedial region of the ring ( Figures 3E3 and 10) . With attenuation of the circumferential lamina, the perpendicular lamina becomes the most prominent lamina in the posteromedial and medial regions of the annulus (Figures 3D, El, and E2 ). The thinness of the perpendicular lamina is more apparent in the parallel plane sections (Figure 8 ) where segments of perpendicular fascicles are seen alongside interrupted segments of circumferential fascicles in the same sections ( Figure 8B) ; whereas fascicles of the perpendicular lamina are contained within one or two sequential sections, sheets of circumferential fascicles (as in Figure 8A ) are in many subsequent sequential sections.
In summary, the circumferential annular myofibers completely encircle the annulus and comprise millions of tightly packed myofibers coursing around the anterior, lateral, and posterior regions but span the medial region of the annulus as a fine muscular connection.
Discussion
The results of this study have demonstrated the architecture of the tricuspid annulus. The fact that the circumferential component of the bilaminated annular myocardium has never been considered to be complete is because, in the medial region, it is attenuated to the point that it is not well-defined grossly and because serial sections are required to demonstrate continuity with the more robust region. In this study, the perpendicular plane sections along the long axis of the myocardium in this region facilitated this demonstration. The isolation of the atrioventricular node and the distal atrioventricular bundle within connective tissue ( Figure 3E1-E3) corroborates earlier findings12,17 but in the transverse sections. Although the sphincterlike contraction of the annulus2-4,22 can be accounted for by the circumferential lamina, the medial narrowing of this lamina ( Figure  10 ) and the robust fibrous septum (Figures 4 and 5) probably prevents mechanical compression of the atrioventricular conducting tissues. Also, the exterior approach to the atrioventricular node, used for ablating atrioventricular nodal reentrant activity,23 is shown to good advantage in these preparations. This course is in the fatty tissue plane inferior to the coronary sinus ( Figure 1B, D, and F) and by the septal, epicardial aspect of the annulus ( Figure 3C , D, El, and E2).
The purpose of this study, however, was to determine the anatomic substrate for the sustained, reentrant circus movement produced by the Y-shaped incision in the canine model of atrial flutter. In studies using the Y-shaped incision, Frame et all hypothesized that the annular myocardium of the tricuspid ring probably provided the path for reentrant excitation because maps of endocardial activation sequence during flutter showed that the impulse circulated continuously just above the tricuspid valve orifice, and an incision interrupting these tissues terminated the circus movement and prevented its subsequent initiation. Because the impulse was shown to circulate in either a clockwise or counterclockwise direction in the same tissues during FIGURE 10 . Histological examination of tricuspid attenuated circumferential lamina in perpendicular sections. Circumferential lamina (CL and paired arrows to the left) attenuates to less than 10 fascicles (paired arrows to the right) as it passes over the atrioventricular node (AlVN). VS, ventricular septum. From the medial annular region (see inset block B) and dog 6. different episodes of flutter, it was concluded that the path for reentry did not contain any segment manifesting unidirectional block. Because the isochrones were uniformly spaced during the circus movement, there appeared to be no segment of the path in which propagation velocity was reduced. Conduction velocity, calculated from the cycle length of the flutter and the postmortem circumference of the path, ranged from 0.6 m/sec in small hearts to 1.2 m/sec in large hearts; this finding suggested that the fibers constituting the path were ordinary atrial myocardial fibers. These electrophysiological characteristics were also demonstrated in isolated tricuspid ring preparations. '6 The present study provides histological confirmation that the continuous circumferential lamina, comprising working myocardium ( Figures 6-8 and 10 ), is the anatomic substrate for the circus movement in the Y-shaped incision canine model of atrial flutter. Thus, the transection of the circumferential lamina probably terminates the arrhythmia. Why does the atrial limb of the Y-shaped incision lead to alterations of impulse propagation that enable a stable arrhythmia in our model? We have shown that this part of the incision divides the pectinate muscle bundles, and myofibers of the pectinate muscle bundles are continuous with those of the circumferential lamina in the anterior, lateral, and posterior regions of the annulus ( Figure  9 ). Thus, the electrophysiological and structural findings together suggest that pectinate muscle bundles are normally the major conduits for passage of impulses to the pathway and that collision of these impulses within the circumferential lamina normally prevents establishment of reentry. Some information that other myocardial communications are of lesser electrophysiological importance is that, in the medial region, all of the attenuated circumferential lamina remains in contact with myocardium of the medial atrial wall and of the anterior limbus of the fossa ovalis ( Figures 3E1-E3 and Figure 10 ).
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